The present study was carried out to evaluate the hematotoxicity and respiratory toxicity of methyl mercaptan in Sprague-Dawley rats. A dynamic exposure methodology was adopted in this study following 7 days of exposure by repeated inhalation. The concentration of methyl mercaptan used in the exposure was 0.5 ppm and the exposure time was 6 h/day for 7 days. After exposure, the rats were sacrificed to collect lung tissue and blood samples. Routine blood and serum biochemistry were conducted. Morphological injury of lung tissue was detected by hematoxylin and eosin staining. Decreased food consumption and body weight gain in both sexes were noted in the exposure group compared with the control group. Several significant changes in hematological parameters were observed. The results showed that the blood urea nitrogen (UREA) levels and superoxide dismutase (SOD) values were significantly decreased in exposed male rats. Malondialdehyde (MDA) in lung tissue was significantly increased in both males and females in the exposed group. In the histopathological examination of lung tissue, terminal bronchiole constriction, alveolar congestion, and erythrocyte exudation were observed, suggesting that the lungs may be target organs after inhaling methyl mercaptan and workers exposed to this concentration may cause some pulmonary stimulation and injury.
Introduction
Methyl mercaptan (CH 3 SH) exist widely in the waste treatment facilities, such as landill, composting plant and sewage plant, in addition, is often used in manufacturing and other industries. It is often added in natural gases because it has a strong smell, which can help finding leaks. It is also a waste product during papermaking. Sulfur compounds, including dimethyl sulfide (CH 3 ) 2 S, dimethyl disulfide (CH 3 SSCH 3 ), methyl mercaptan (CH 3 SH), and hydrogen sulfide (H 2 S), have been widely detected in the air of pulp mills [1, 2] . The concentrations of these sulfur compounds ranged from 0.05-39 ppm. Hence, their toxicity, combined with high production, represents a threat to human health. Methyl mercaptan is also founded in anaerobic circumstances such as lake sediments and in intestinal microenvironment. In addition, methyl mercaptan occurred at nontoxic concentrations in some food and drink such as wine, cheese, and other foods, and has been detected in waste treatment facilities such as landfills [3] . The concentration of these compounds fluctuates greatly, ranging from several ppb to tens of ppm. Workers exposed to reduced sulfur compounds showed a decreased activity of the heme-synthesizing enzymes delta-amino-levulinic acid synthetase and heme synthase [4] . Some studies have indicated that workers exposed in high concentration of sulfur compounds have increased air flow obstruction, irritant-induced occupational asthma, and a suspected increase in mortality due to ischemic heart disease [5] . Prolonged exposure to odorous pollution can affect respiration and the central nervous system [6] . Among the odorous gases, sulfur compounds have lower odor threshold values and higher detection rates [7] . The main toxicity of sulfur compounds is to stimulate the respiratory tract [8, 9] . Coughing and shortness of breath may occur with the inhalation of sulfur compounds. High concentrations of exposure may lead to severe shortness of breath and pulmonary effusion. Inhaling high concentrations of methyl mercaptan may also cause headache, vomiting, nausea, and unconsciousness [10] . The olfactory threshold of methyl mercaptan is very low. It is possible to smell methyl mercaptan at only 0.02 ppb in air [11] . However, higher smell thresholds of 1-2 ppb have also been reported, e.g., Wilby [12] and Leonardos et al. [13] . The literature contains very little information on the effect of methyl mercaptan on the living organisms, one effect is neurotoxicity of general intoxication with different levels represented paralysis of the locomotory muscles and respiration. A case of human death death has been reported after exposure to methyl mercaptan, at that time he was emptying the tanks containing methyl mercaptan [14] .
A concentration of 20,000 mg/ 3 will kill a rat in 15 min [15] . The concentration of methyl mercaptan in the air, the respiratory rate of the individual, and the exposure time of this compound will determine the amount of toxicant absorbed by the respiratory system. The main mechanism of coma and death induced by methyl mercaptan is believed to be related to reversible inhibition of cytochrome c oxidase and inhibition of brain sodium (Na+) and potassium (K+) ATPase activities, which is similar to the effects of cyanide and hydrogen sulfide. The degree of inhibition is proportional to the amount of methyl mercaptan adsorbed on these membranes [16] . Methyl mercaptan is related to the pathogenesis of hepatic coma [17] . It was found that methyl mercaptan could stabilize erythrocyte membrane and inhibit sodium ion, potassium ion and ATPase [18] . Methyl mercaptan may play a role in inducing anesthetic-like effects. Occupational exposure to this compound through inhalation may cause adverse health effects in waste or wastewater treatment plants, pulp mills and oil refineries. Nearby residents fear that long-term exposure may have adverse health effects also [19] . Recently, studies have shown that continued exposure to odors can cause adverse effects ranging from physiological to psychology symptoms such as emotional stresses, states of anxiety and unease, etc [20] . The occupational safety and health administration (OSHA) permissible exposure limit (PEL) to this chemical is 10 ppm, while the National Institute for Occupational Safety and Health (NIOSH) recommended exposure limit (REL) and the American Conference of Governmental Industrial Hygienists (ACGIH) threshold limit value-time weighted average (TLV-TWA) is 0.5 ppm [21] . The level of methyl mercaptan in the air at waste landfill and community waste treatment facilities has been shown to be close to the NIOSH REL and ACGIH TLV-TWA values [22] . Opportunities for exposure have steadily increased due to the proliferation of the sources, which may affect the health of workers. Exposed workers seldom use safety masks to protect against odorous compounds. Severe metabolical responses to some reduced-S compounds, including methyl mercaptan, have been reported across a wide range of concentrations [23, 24] . However, few studies have been reported at present on the pathophysiological results of longterm low-level inhalation of this compound. Likewise, there are few studies in the literature evaluating the effects of short term exposures to low-dose methyl mercaptan also. Epidemiological studies have shown that lung diseases are associated with inhalation drugs, including cigarette smoke, organic compounds and particulate matter. [25, 26] . Moreover, Tansey et al. [27] in vivo examined acute and chronic toxicity of methyl mercaptan in Sprague-Dawley rats, but he mainly studied hepatotoxicity, lacking data on pulmonary toxicity and few parameters of blood biochemical components. The present experiment was arranged to observe the potential toxicity of methyl mercaptan in rats continuing for seven days of exposure. Our aim is to determine whether subacute exposure to methyl mercaptan vapor approaching to the recommended workplace concentration could lead to significant differences in the pulmonary tissue structure and metabolic performance parameters when compared with the data of control rats. These data will be of value in establishing occupational exposure standards or evaluating future occupational health risks.
Materials and methods

Animals
Male and female Sprague-Dawley (SD) rats were used in this experiment. These rats weighed 160 ± 20 g at the start of the experiment. SD rats were randomly divided into two groups: the control group (control males, n = 15; control females, n = 15) and the methyl mercaptan exposure group (exposed males, n = 15; exposed females, n = 15 In all experiments, animals were continuously supplied tap water. Food supplies in the control group and the experimental group were stopped during exposure to aviod the difference of feeding behavior. Standard glass tubes matched a small menisci were used to supply water for both groups, in order to reduce the dissolution of methyl mercaptan vapor in the water. Throughout the experiment, animals were kept in a 12 -h light-dark cycle. All efforts are aimed at minimizing the number of animals used and their suffering. All experiments were approved by the local Ethics Committee for Animal Research and adhered to the guidelines of the Committee for Research and Ethical Issues of the International Association for the Study of China.
Methyl mercaptan inhalation exposure
Adaptive feeding of rats in laboratory conditions continuing for 7 days and the initial weights of these rats were recorded. After acclimation, the rats were treated with methyl mercaptan in a 0.6 m 3 inhalation exposure chamber (Model 8050D, Hope-Med Co. Ltd., Tianjin, China) (Fig. 1) . The concentration of the gas was monitored by a portable instrument in real time (Konor Model JA903, Konor Electronics, Shenzhen, China). A methyl mercaptan gas cylinder of 50 ppm was used (Haizhou Gas Co. Ltd., Shanghai, China). The gas was diluted with air after decompressing for animal delivery and fed to the chamber. The concentration of methyl mercaptan for the exposure was 0.5 ± 0.1 ppm. The exposure time was 6 h per day, continuing for 7 days. At the end of the exposure, the rats were taken out of the chamber and returned to their cages. After 7 days exposure, body weights were recorded and the rats were sacrificed to collect lung tissue and blood samples.
Sample preparation
Blood samples were collected through cardiac puncture under mild diethyl ether anesthesia, half samples with anticoagulant and half Toxicology Reports 6 (2019) [431] [432] [433] [434] [435] [436] [437] [438] samples without. Blood samples with the anticoagulant were tested immediately for the determination of hematological parameters. The samples without anticoagulant were centrifuged at 4000 rpm for 10 min at 4°C, and the serum samples were stored at −20°C waiting for the subsequent biochemical analysis. The lung tissues were excised and one specimen was rinsed with cold normal saline and dried with filter paper. The tissue was quickly frozen in liquid nitrogen at −170°C and stored at −80°C waiting for the subsequent determination of malondialdehyde (MDA). Other lung tissue specimens were quickly fixed with paraformaldehyde solution for histopathological examination [28] [29] [30] .
Hematological parameters
The nomenclature and abbreviations used for laboratory blood sample parameters are shown in Table 1 .
Blood samples were collected in tubes added the potassium salt ethylenediamine tetra-acetic acid (EDTA) for hematology test. These samples were examined immediately within 20 min using an automatic hematology analyzer (Advia 2120i, Siemens Diagnostics, New York, USA). In total, 17 hematological parameters were assessed, including red blood cell (RBC) count, white blood cell (WBC) count, hemoglobin (HGB), and mean cell volume (MCV) using a hematology auto-analyzer system.
Serum biochemical parameters
Blood biochemical parameters including aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), glucose (GLU), total protein (TP), albumin (ALB), albumin/globulin ratio (A/G), blood urea nitrogen (BUN), and creatinine (CREA) were measured using an automated biochemistry analyzer (Toshiba 120FR, Tokyo, Japan). Total triiodothyronine (TT3), as a marker of thyroid function, was measured with an automatic analyzer (Hitachi 7070, Hitachi Ltd., Tokyo, Japan).
Lung tissue test and histopathological examination
Lung tissue MDA was determined colorimetrically by using BioDiagnostics Kits (Bio-Diagnostics Co. Giza, Egypt) [31] . Conventional techniques were used for the histopathological examination of the tissues [32] . After 24 h of fixation, samples were frozen with sucrose solution of 15%-30%, and then frozen in nitrogen. Each piece was cut at 15 μm thickness intervals by a cryostat (Leitz, Digital 1702, Germany) at −20°C, then the slices were placed on glass slides and stained using hematoxylin and eosin (H&E) to evaluate tissue morphology. Histopathological parameters were obtained using an Olympus ® Bx50 optical microscope (Olympus, Tokyo, Japan). A lung injury score was adopted to quantify changes in lung architecture visible under light microscopy [33, 34] . The score of the degree of microscopic injury was calculated basing on the following condition: infiltrative around bronchioles and bronchi, exudation in bronchioles and bronchi, infiltration around blood vessels, edema, and atelectasis. The severity of injury was graded as follows for each of the five variables: no injury = 0, injury to 25% of the field = 1, injury to 50% of the field = 2, injury to 75% of the field = 3, and diffuse injury = 4. The highest possible score was 20 and the lowest was 0. The standards for the pathology scores of lung tissue are shown in Table 2 .
Statistical analysis
Significant differences between data for the exposure and control groups were determined using a two-tailed t-test. Before the comparisons, the data were first examined for normal distribution. Body weight, hematological, and blood biochemical parameters were analyzed difference according to t-test [35] . Bartlett's test was used to determine whether the variance was homogeneous. The software used in the analysis was SPSS version 10 (SPSS Inc., Chicago, IL, USA). The value is expressed by mean value ( ± SEM). When P value is less than 0.05, the difference has statistical significance.
Results
Body weight of animals
No mortalities were observed in any control of the exposed population during the 7-day period. However, during the exposure procedure, the rats tended to huddle together; this behavior was not observed in the control group. Before exposure, there were no significant differences in body weights among the four groups (male/female control groups and male/female exposure groups, p < 0.05). After the exposure period, The body weights of all rats increased obviously (Fig. 2) . The rate of increase varied in each of the four groups. The terminal weights of the exposure groups were lower than those of the control groups. The weight of the male control group was found to be significantly higher than that of the male exposure group (p < 0.01), with the former weighing 40.2 g more than the latter on average. The weight of the female control group was found to be significantly higher than that of the female exposure group (p < 0.05), with the former weighing 12.8 g more than the latter on average. This result demonstrated that methyl mercaptan inhalation adversely affects body weight increases in male rats more significantly than in female rats.
Hematological values of the rats
In total, 17 hematological parameters were assessed in this study. The results of the hematology analyses for male and female rats are showed in Table 3 . The only hematological change was a significant increase in PDW in exposed males (15 ± 0.1%) compared to control males (14.7 ± 0.1%) (p < 0.05). PDW in the female rats was not significantly different between the control and exposure groups (p < 0.05). There were no significant differences between the control and exposure groups for the other parameters measured.
Serum and tissue biochemical values of the rats
Twenty-five serum biochemical parameters and one tissue biochemical parameter were analyzed in this study. The results of the serum biochemical tests for male and female rats are showed in Table 4 . These parameters were related to hepatic, renal, cardiovascular, and thyroid functions and oxidative stress. In relation to hepatic function in the male exposure group, the values of STP and ALB were increased, while the values of ALT, ASTm, and LDH were decreased after exposure. Among the female rats, a significant difference in ALP was observed between the control and exposure groups (p < 0.05); ALP was decreased after exposure. The clinical findings of increases in STP and ALB were related to activation of the immune system, while increases in ALB, ALT, LDH, and ASTm values suggest liver damage or inflammation [36] . The results showed that methyl mercaptan did not have obvious toxicity to the liver at this concentration.
For parameters related to renal function, more differences were observed in the female groups than in the male groups. CREA and UREA are very important indicators of glomerular filtration function. CysC levels were determined by glomerular filtration rate also. Differences in CREA, UREA, and CysC were observed between the female control and exposure groups (CREA, p < 0.05; UREA, p < 0.01; CysC < 0.05). There was a significant increase in UREA levels, which changed from 5.4 ± 0.2 mmol/dL to 7.4 ± 0.1 mmol/dL, revealing that metabolism of methyl mercaptan may induce nephron damage in female rats. In the male groups, the only significant difference observed was for UA (p < 0.05); and this parameter is often correlated with hepatic function. However, as noted above, the levels of ALT, LDH, and ASTm were decreased in exposed male rats, which suggests that methyl mercaptan is not toxic in the liver. Parameters related to cardiovascular and thyroid function were not significantly different between the control and exposure groups, while SOD values, reflecting oxidative stress, were significantly decreased in the exposed male group (277 ± 36.7 vs 148.2 ± 51.5, p < 0.01). Lipid peroxidation content MDA in lung tissue demonstrated a significant increase in the exposure group compared with the control group (male: 27.0 ± 2.8 vs 34.5 ± 4.3, p < 0.05; female: 24.8 ± 2.5 vs 31.8 ± 0.1, p < 0.05).
Histopathology study
The alveolar sacs, alveoli, and bronchioles were found to be normal in the lung tissues of control animals. The alveolar sacs showed no signs of congestion or collapse (Fig. 3A-D) . After 7 days exposure to methyl mercaptan, bronchioles were found to contain prominent goblet cells. Terminal bronchiole constriction (Fig. 3E & F) was observed in the exposure groups. The alveoli of exposed animals exhibited congestion, with exudation of erythrocytes, fibrin, monocytes, and few lymphocytes. Alveolar walls were observed to be thickened and exhibited erythrocyte diapedesis, especially in the female groups (Fig. 3G & H) . The scores for lung tissue pathology for the four groups are shown in Table 5 . The animals in the control groups had significantly lower scores than the animals in the exposure groups (control males, 0.8 ± 0.5 vs exposure males, 3.6 ± 2.4, p < 0.05; control females, 0.4 ± 0.1 vs exposure females, 4.9 ± 2.9, p < 0.05). The score of lung tissue pathology in the control groups was lower than that in the Score = A+B + C+D + E. Fig. 2 . Body weight changes of the rats exposed to methyl mercaptan.
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Toxicology Reports 6 (2019) [431] [432] [433] [434] [435] [436] [437] [438] exposure groups. These findings suggest that exposure to inhaled methyl mercaptan is associated with bronchial and peri-bronchiolar inflammatory exudates that also involves the surrounding alveoli.
Discussion
Using an inhalation model of SD rats, we examined the toxicity effects of short term and low-dose methyl mercaptan exposure.
Bodyweight of animals, hematology, clinical biochemistry, histopathology between control and exposure group were compared and significantly differences were observed.
After seven days of exposure at 0.5 ppm, the male group showed a 17.5% decrease in weight gain, while the female group showed a 6.7% decrease in weight gain compared with the control group. In an earlier study of the acute and subchronic toxicity of methyl mercaptan inhalation in rats, SD rats exposed to 2, 17, and 57 ppm of methyl Values represent the mean ± SEM, n = 15. Control-male vs. Exposure-male, Control-female vs. Exposure-female, * P < 0.05. * *P < 0.01. Values represent the mean ± SEM, n = 15. Control-male vs. Exposure-male, Control-female vs. Exposure-female, * P < 0.05. * *P < 0.01. Fig. 3 . Histopathology of the lung tissue of control and exposure groups. Hematoxylin and eosin (H&E) stain.
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mercaptan gas for three-month to observe subchronic toxicity and no mortality occurred in any group [27] . The most obvious effect was a decrease in body weight. The average body weight of each exposure group in end stage was lower than that of the control group. This difference was significant in the 57-ppm exposure group, which showed a 15% decrease in weight gain compared to the paired controls. These results were consistent with our research.
In the present study, we tested various hematological parameters of rats exposed to 0.5 ppm methyl mercaptan 6 h/day for 7 days. There were no significant differences between the control and exposure groups, except for a significant increase in PDW in exposed males.
Subsequently we investigated serum and tissue biochemical values of the rats. ALT, ASTm, and LDH were decreased after exposure. Significant increases in total protein were observed at all exposure levels in the study by Tansy et al., whereas a difference in this parameter was not observed among the groups in our experiment. The increased total protein in the Tansy et al. study may have been a result of dehydration, which is consistent with the observed decreases in water intake and the increase in fluid output. They also observed increases of conjugated and unconjugated serum bilirubin. The measurement of unconjugated bilirubin is estimated by the measurement of indirect bilirubin, and conjugated bilirubin is estimated by the measurement of DBIL. Indirect bilirubin was calculated using the values of TBIL and DBIL. In our study, TBIL and DBIL levels were not observed to be different among the groups. Tansy et al. suggested that the increases of serum cholesterol in the 2 and 17 ppm exposure groups observed in their study may have been associated with liver damage. The exposure time of our research was much shorter than that in the experiment by Tansy et al. and decreases of ALT, LDH, and ASTm values were observed, which may infer that the chemical will not cause a toxicity effect to the liver at such a low concentration of exposure and short exposure time. We consider the increase in PDW in the male group was considered to be an incidental finding, rather than representing a significant toxic hematological effect.
In recent years, with the development of free radical theory, it has been recognized that the occurrence of many lung diseases is related to an imbalance in the local oxidation-antioxidant system [37] . It is very important to keep a dynamic balance between oxygen free radicals and their eliminating agents for maintaining the normal structure and function of tissue cells. Oxidative stress can directly damage airway epithelium, aggravate airway inflammation, proinflammatory gene expression and eventually lead to airflow restriction [38] . Living organisms have different molecules that accelerate termination by neutralizing free radicals, thereby protecting cell membranes. One important antioxidant is superoxide dismutase (SOD). It has been suggested that a decrease of SOD activity in serum plays an important role in the pathological process of chronic lung injury and bronchitis. The decreased activity of SOD, one of the major oxygen free radical enzyme scavengers, might have resulted from enzyme consumption in an attempt by the host to limit the damage caused by reactive oxygen species. In this study, no statistically significant difference in SOD was observed between females in the control and exposed groups, while the male group showed a significant decrease after exposure. MDA produced by lipid peroxidation of polyunsaturated fatty acids, and the degree of lipid peroxidation can be estimated by the amount of MDA in tissues.
MDA in lung tissue in our study demonstrated a significant increase in the exposure group compared with the control group, suggesting lipid peroxidation as a possible mechanism of toxicity. Elevated oxidative stress and lipid peroxidation levels after methyl mercaptan exposure have been recognized as potential mechanisms that lead to observed terminal bronchiole constriction. These results revealed that inhalation of methyl mercaptan caused oxidative damage, with lipid peroxidation and alterations in blood antioxidant enzyme levels.
The lung is the first vital organ contacted with inhaled toxicants, and the most important target of these toxicants. In our study, bronchial and peri-bronchiolar inflammatory exudates in the lungs and surrounding alveoli were observed in the exposed groups. These findings suggest that some changes in the lung, kidney, and the immune system may be associated with subacute exposure to 0.5 ppm methyl mercaptan, which was recommended by ACGIH as the TLV-TWA. In the early stages of damage, a large number of inflammatory cells such as macrophages, neutrophils and lymphocytes infiltrate the interstitial tissue or alveoli. In the subsequent stages, substance related lesions occur, including epithelial damage with inflammation of tracheobronchial lesions. Continuous exposure may further cause to pulmonary fibrosis or edema, characterized by the loss of the original lung structure due to excessive expression and deposition of collagen and extracellular matrices [25, 26] . A number of irritant gases have been related to bronchiolitis, causing inflammation or other adverse reactions [39] . Airway edema can occur after contact with these irritant gases, and other possible effects include headache, dizziness, tremors, seizure, nausea, and vomiting [40] . Among the survivors, these changes quickly disappeared. In patients progress to the second stage, physiological disorders include hypoxemia and associated restrictive or obstructive pulmonary dysfunction may develop [41] . In our research, bronchial and peri-bronchiolar inflammatory exudates were observed in lung tissues after exposure for seven days to 0.5 ppm methyl mercaptan, which present more severe effects than that in the study by Tansy et al. using a higher level of methyl mercaptan and animals with a lighter weight, about 90-100 g. This is proposed to be a compensatory change in the organism for protection at the beginning of exposure [42] . With prolonging of the exposure, lung tissue may be able to repair and restore the damage from the chemical exposure because of the developed immune system. Local wounds produced by toxic compound on the lung surface of rats may be recovered by a typical reparative process. Some research reported that it was cell migration and increased cell division in alveolar and bronchial tissues participated in these repairs [43] .
Some studies have shown that the effects of pollutant inhalation on olfactory mucosa are dose-and time-dependent [44, 45] . Animal models of chemical inhalation exhibited pathophysiological changes over a period of time, which was very similar to what was observed in patients with inhalation injury [46] . Atelectasis, emphysema and futher development of pulmonary edema decrease in arterial oxygen and progressive pulmonary deterioration, which caused to significant mortality [47] . After exposure to sulfur compounds, the lung pathology observed in different species was very similar. All other effects in this experiment are negligible and cannot be firmly established as compounds. From the results of our study, we think the value of ACGIH TLV of 0.5 ppm as an 8 h TWA may be too loose, and workers exposed to this concentration may cause some pulmonary stimulation and injury.
Conclusions
The exposure of rats to 0.5 ppm methyl mercaptan by inhalation over 7 days had adverse effects on clinical and histopathological parameters. Reduced food intake and body weight gain were noted in both sexes of the exposure group compared with the control group. The pathology score standard of lung tissue = A+B + C+D + E, Control-male vs. Exposure-male, Control-female vs. Exposure-female,* P < 0.05.
Methyl mercaptan at 0.5 ppm may cause lung damage and activation of the immune system upon inhalation. The chemical had a greater adverse impact on renal function in female rats than in male rats. Lipid peroxidation and alterations in blood antioxidant enzyme levels were observed following methyl mercaptan exposure. Oxidative damage is recognized as a potential mechanism for terminal bronchiolar constriction, alveolar congestion, and erythrocyte exudation. Workers exposed to this concentration may cause some pulmonary stimulation and injury.
